Mixed-valence manganite thin films are attractive for spintronic devices. Crystalline orientation is a promising route to tailor switching mechanisms, as magnetization reversal depends on the magnetic anisotropy. Here, magnetic properties of (111)-oriented La 0.7 Sr 0.3 MnO 3 thin films are elucidated by correlating macroscopic and local properties. The coercive field is an order of magnitude lower than (001)-oriented La 0.7 Sr 0.3 MnO 3 . Locally, a 6-fold magnetic anisotropy is observed, while macroscopically, an isotropic response is prevailing. This local coupling between the symmetry of the (111)-facet and magnetization governs the domain reversal process, demonstrating that symmetry offers a route to control magnetic properties for spintronic devices. C 2015 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License. Mixed-valence manganites have attracted considerable attention due to the demonstration of colossal magnetoresistance (CMR) 1 and a high degree of spin polarization. 2 Hence, manganites are attractive candidates for electrode materials in spintronic devices such as magnetic tunnel junctions. 3 To assess the case for implementation of these materials in spintronic devices, the physical properties of manganite thin films have been extensively studied as a function of epitaxial strain and chemical doping. 3 La 0.7 Sr 0.3 MnO 3 is a ferromagnetic half-metal at room temperature with a Curie temperature of ∼350 K for thin films. 4, 5 This makes La 0.7 Sr 0.3 MnO 3 a good candidate for room-temperature magnetoresistive devices such as field sensors and magnetic memories. 6, 7 The low-field magnetoresistive response in manganites relies on magnetization reversal processes, 8, 9 dependent on the magnetic anisotropy of the system. 10 In single crystals of La 0.7 Sr 0.3 MnO 3 , the magnetic anisotropy originates from the rhombohedral distortion of the unit cell, and the magnetization vector lies in a (111) easy plane. 8, 11 However, in thin films of (001)-oriented La 0.7 Sr 0.3 MnO 3 , tensile strain confines the magnetization to be in the film plane, 12 either with biaxial anisotropy along ⟨110⟩ directions due to the orbital structure 11, 13 or with uniaxial anisotropy aligned with the film step-edges. (110)-oriented thin films have an anisotropic Young's modulus, so that magnetostriction dominates over crystalline effects in defining the magnetic anisotropy. 13 In this case, the anisotropy is uniaxial along the [001] crystalline axis, with an out-of-plane contribution along the extended body diagonal in the [111]-direction.
14 Thus, the magnetic anisotropy in thin films can be tuned by step-edges, lattice strain, film thickness, and Recently, there has been a large interest on the possibilities that (111)-oriented perovskite thin films can offer due to their non-cubic crystalline surface symmetry. 15, 16 The crystallographic structure of the (111)-plane in SrTiO 3 is hexagonal where the in-plane low index crystallographic axes belong to ⟨1-10⟩ and ⟨11-2⟩, as shown in Figure 1 . The rhombohedral unit cell of La 0.7 Sr 0.3 MnO 3 on (111)-oriented SrTiO 3 undergoes a trigonal distortion. The lattice mismatch is, however, the same as for (001)-oriented SrTiO 3 and the biaxial Young's modulus is isotropic. Hence, for (111)-oriented films on SrTiO 3 , we expect tensile strain and in-plane magnetization, where the magnetic anisotropy is predominated by magneto-crystalline effects rather than magnetostriction. 17 Here, we investigate how the hexagonal symmetry affects the magnetic properties of epitaxial thin films of La 0.7 Sr 0.3 MnO 3 grown on (111) SrTiO 3 substrates. Relying on local domain imaging during magnetization reversal, we demonstrate a magneto-crystalline coupling making the in-plane directions of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and easy axes, and that the magnetization reversal proceeds by domains nucleating successively along these in-plane directions.
Epitaxial La 0.7 Sr 0.3 MnO 3 thin films were fabricated on (111)-oriented Nb-doped (0.05%) SrTiO 3 substrates by pulsed laser deposition. 18 The substrates were chosen to prevent charging during the local domain imaging and were prepared by ultrasonic agitation in deionized water at 70
• C, etched in buffered hydrofluoric acid for 45 s and annealed for 1 h at 1050
• C in an oxygen ambient. Atomic force microscopy (AFM, Veeco Nanoscope V) showed step-and-terrace substrates with step heights of 2.25 Å, corresponding to the distance between adjacent (111)-planes, terrace widths of 100 nm, which is in good accordance with the miscut angle of 0.1
• , and films of all thicknesses replicated the surface topography of the substrates (see the supplementary material 19 for more details). A KrF excimer laser (λ = 248 nm) with a fluency of ∼2 J cm −2 and repetition rate 1 Hz was employed to ablate material from a stoichiometric La 0.7 Sr 0.3 MnO 3 target. The deposition took place in 0.35 milibars of oxygen at 540
• C, with a substrate-to-target separation of 45 mm, consistent with growth conditions for thermalized adatoms. 18 The growth was monitored with reflection high energy electron diffraction (RHEED). After deposition, the films were cooled to room temperature in 100 milibars of oxygen. The crystalline structure was examined using a four-circle, high-resolution x-ray diffractometer. The films were epitaxial, with an in-plane d-spacing along [1-10] of 2.25 Å consistent with the substrate value (see the supplementary material 19 ). No structural domains were found, and the symmetry was confirmed to be hexagonal. The step-edges were observed to align with one of the in-plane ⟨11-2⟩ directions for all films. The thickness of the samples was determined correlating RHEED oscillations during growth, cross-section tunneling electron microscopy, and size effects in XRD.
Macroscopic magnetic data were taken with a vibrating sample magnetometer (VSM). The saturation magnetization was found to be 2. 150 K, while the Curie temperature was determined at 335 K. At 50 K, the coercive field increases to 10 Oe (see supplementary material 19 ). The observed saturation magnetizations and Curie temperatures are less than those reported for (001)-oriented films of the thicknesses investigated in the present study. However, the coercive fields obtained are typically an order of magnitude lower than those published for (001)-oriented films, 13, 20 which indicates that domain walls move freely without significant pinning. 13 No apparent in-plane directional variation in coercive field or magnetization was found (see the supplementary material 19 ), suggesting a macroscopically isotropic in-plane anisotropy of the samples, in accordance with bulk data. 11, 14 In order to probe the microscopic response of individual domains during magnetization reversal, the films were imaged by x-ray photoemission electron microscopy (PEEM) combined with x-ray magnetic circular dichroism (XMCD) at the Surface/Interface: Microscopy (SIM) beam line at the Swiss Light Source. 21, 22 XMCD provides information on the projection of the magnetization vector along the helicity vector of circularly polarized x-rays. Thus, it is possible to obtain the components of the magnetization vector by rotating the sample relative to the incident beam of x-rays. XMCD was measured at the Mn L 3 absorption edge, with a photon energy of 642.7 eV, at room temperature. The inclination with film surface of the incident x-rays was 16
• . The measured intensity of the magnetic circular dichroism is given by I XMCD ∝ ⟨M⟩ T cos θ, where θ is the angle between the x-ray helicity vector and the magnetization direction, and ⟨M⟩ T is the temperature dependent average of the magnetic moment. PEEM allows for spatial mapping of x-ray absorption at the lateral length scale of single magnetic domains. Thus, when combined with XMCD, the magnetization orientation of individual magnetic domains can be determined. 21 The XMCD-PEEM images presented are divided images recorded with opposite polarization chirality (right/left circular). with the low degree of pinning discussed from magnetometry. 13 The domains are uniform with no indication of stripe-shaped domains following the step-edges, or rippling, as previously reported for (001)-oriented films. 9, 23 In Figure 2 (b), the domain wall region is shown, revealing a local domain wall structure, which resembles a cross-tie wall. 24 The ferromagnetic origin of the observed domain structure was confirmed by heating the sample above the Curie temperature, upon which the domain contrast disappeared.
The respective magnetization directions of two adjacent domains were found by azimuthal rotation of the sample, as shown in Figure 2(c) . This plot presents the measured XMCD contrast as a function of angle, where the in-plane angle of the crystallographic ⟨11-2⟩ axes is defined to be θ = 0
• , 60
• , 120
• . The insets show images of the two domains at θ = 0 • , 60
• . The contrast of an imaged domain is measured using the maximum of an intensity histogram normalized by area, and the plotted error bars in Figure 2 represent the full width at half maximum of these histograms. The measured contrast fits well with the expected azimuthal cosine dependence as described above. The maximum/minimum contrasts represent the directions for which the incoming x-rays are parallel to the magnetization vector. The magnetization vector of these adjacent domains is oppositely oriented, both being parallel to one of the in-plane ⟨11-2⟩ directions, which is also parallel to the direction of the step-edges. We note that if the global magnetic easy axis is along this in-plane ⟨11-2⟩ direction, it coincides with the step-edge direction, as reported for (001)-oriented samples. 23 In order to elucidate a possible relationship between the in-plane crystallographic structure and the magnetic anisotropy of (111)-oriented La 0.7 Sr 0.3 MnO 3 , the magnetic domain reversal process was investigated by applying magnetic field pulses of increasing magnitude and imaging the resulting remanent domain structure after each pulse. The field pulses were of 1 s duration with an increment of maximum 1 Oe per step. In Figure 3 , we present images after different fields have been applied utilizing three representations for the magnetic domain contrast, schematically drawn in 3(a). Figure 3 The initial magnetization (first panel in 3(e)-3(g)) was set by applying a large magnetic field pulse along one of the in-plane ⟨1-10⟩ directions, taken as the [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction. The reversal series shows selected images in which significant changes in the domain structure were found. Several trends can be identified: primarily, the data show that the initial direction of magnetization reverses (from bright to dark in 3(e)) by intermediate steps of different magnetization directions (different grey colors). During this magnetization reversal, new stripe-shaped domains emerge, and the orientation of these stripes rotates with increasing switching field. When the magnetization direction is fully reversed (last panel), the stripe domains are no longer visible. Hence, magnetization reversal occurs locally through domain formation and propagation rather than by rotation of the magnetic moments.
From Figure 3 (f), it is clear that the magnetization direction of the various domains forming during switching corresponds to low-index in-plane crystal axes. As the amplitude of the field pulses is increased, new domains emerge with the magnetization direction shifted by 30
• until a full 180
• reversal is completed. In the first panel, the domain shown is fully magnetized by the external field. The direction of the magnetization is denoted with red arrows in Figure 3(g) . In the second panel, a small pulse was applied, displaying formation of stripe-domains with a magnetization vector 30
• off the initial direction of magnetization. In the third panel, these domains have grown at an expense of the initial domain, and a wide stripe with new domains has formed, where the magnetization is rotated 60
• with respect to the initial magnetization. As the predominant magnetization direction approaches 90
• with respect to the applied field, the domain structure is more complex, and is made up by smaller domains with different directions of their magnetization vector. Between applied fields of 13-20 Oe (three middle panels), there are also domains magnetized at angles of 75
• and 105
• , i.e., not aligned with the in-plane low-index axes. However, as the amplitude of the field pulses is increased, the majority of the domains magnetize along the ⟨1-10⟩ and ⟨11-2⟩ in-plane directions before the observed region is completely magnetized parallel to the applied field (the last This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://aplmaterials. panel). On a local scale, the magnetization directions are clearly coupled to the crystal symmetry, with the magnetization preferentially aligned with the in-plane symmetry axes of ⟨1-10⟩ and ⟨11-2⟩. The domain structure emerging during magnetization reversal consists of new stripe-shaped domains that rotate upon increasing the external field. In Figure 3 (g), domain boundaries are highlighted to illustrate this effect. The direction of the stripes coincides with the in-plane low-index crystalline directions, with new stripes nucleating at 30
• to the domains formed upon the previous field pulses. The magnetization vector of these stripe domains is typically oriented perpendicular to the direction of the stripe domain walls.
For thin films of (111)-oriented La 0.7 Sr 0.3 MnO 3 , as was also reported for single crystals of La 0.7 Sr 0.3 MnO 3 , no well-defined macroscopic easy and hard axes are observed. However, our XMCD-PEEM data show that the magnetization direction for individual domains is coupled to the hexagonal crystal symmetry of the (111) facet. When applying a macroscopic magnetic field along different crystalline directions, domains form locally with their magnetization along one of the low-index axes. We note that the XMCD-PEEM experiments image the remanent domain structure following a field pulse and, therefore, cannot be directly compared with the macroscopic hysteresis data. However, the measured averaged magnetization can be taken as the vector sum of the magnetization of all domains. Hence, as new domains appear at the expense of previous domains during the switching process, the resulting magnetization vector will rotate uniformly. We note that a hexagonal symmetry in Fe (111) epitaxial films displays a lower magnetic anisotropy as compared to cubic Fe epitaxial films, 25 supporting a weaker magnetic anisotropy in La 0.7 Sr 0.3 MnO 3 (111) with the 6-fold symmetry as compared to (001)-oriented samples with biaxial symmetry.
In summary, our data expand the overall picture of magnetocrystalline anisotropy in La 0.7 Sr 0.3 MnO 3 ; (001)-oriented films have biaxial anisotropy along the ⟨110⟩ axes, which coincides with the (001) projection of the (111) in-plane ⟨1-10⟩ directions. In (110)-oriented thin films, the anisotropy is uniaxial giving an easy axis along ⟨001⟩ directions originating from magnetostriction, but with an out-of-plane component, which fits well with a magnetocrystalline force pulling the easy axis towards the (111)-plane. 17 Although single crystals are reported to have a magnetic easy plane, the (111) plane, this study reveals a 6-fold anisotropy along the ⟨1-10⟩ and ⟨11-2⟩ in-plane directions. This local coupling between magnetization and symmetry affects the magnetization reversal, which proceeds by stepwise nucleation of stripe-domains with magnetization along the different easy axes. Hence, it is possible to control the magnetic anisotropy using different crystallographic symmetries, thereby changing the domain structure and the switching characteristics. Thus, crystal orientation may serve to tailor the switching mechanism in devices.
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